Abstract
Introduction

The lipid bilayer of the plasma membrane is organized into domains characterized by different degrees of lipid packing. This domain structure arises as the result of preferential clustering of cholesterol and sphingolipids, together with certain proteins, into highly ordered regions. These regions are known as 'lipid rafts' or cholesterol-enriched membrane microdomains
, and are qualitatively different from the bulk membrane (reviewed in [1, 2] (50-100 nm) of the plasma membrane and are distinct from other coated pits [3] . They have a characteristic flask shape, no readily visible coat [4] , and are highly abundant in many vertebrate cell types, such as smooth-muscle cells, fibroblasts, endothelial cells (EC) and adipocytes [5] . 
Caveolin proteins and disease
Caveolin proteins are implicated in several disease states [20] . The genes encoding Cav-1 and -2 are located on the human 7q31 locus (6-A2 in the mouse genome); this region is frequently altered in tumour cells and is thus likely to contain tumour suppressor genes [21] . Consistent with such a role, Cav-1 appears to have numerous cell-type specific effects on growth-regulatory pathways. Cav-1 null cells show increased proliferation, and loss of Cav-1 expression accelerates tumourigenesis in several models [22, 23] . Mutations in Cav-1 have been found in 16% of human breast cancers [24, 25] , and many human tumours have reduced levels of Cav-1 expression (reviewed in [20] ). For some tumours, however, Cav-1 expression seems to be related to cell survival and growth [26] [27] [28] . Thus [29] [5] ). Despite the preferred caveolar location of caveolins, these proteins are also expressed away from morphological caveolae, including focal adhesions and lipid droplets [5] , and they are also secreted as soluble proteins [34] .
Caveolae [39] . Alternatively, internalized caveolae can fuse back to the plasma membrane to form caveolae, without the involvement of an endosomal intermediate [37, 39, 40] . Caveolae are not disassembled after fusing with these membranes, and still preserve their morphology and unique lipid and protein composition [39] .
Caveolae mediate signalling through direct and indirect mechanisms
The abundance of signalling proteins in caveolae led to the hypothesis that caveolae might serve as platforms for processing diverse extracellular signals [41] . Further [1, 44] . Figure 1A . Supporting this idea, specific phosphotyrosine-kinase activities are known to concentrate at lipid rafts [45] [52] . These data suggest a model in which integrin-mediated cell adhesion promotes plasma membrane localization of Rac and its subsequent coupling to its effector by preventing internalization of the Rac-containing CEMMs [52] .
In this way, receptors that become activated upon ligand binding can be concentrated in close proximity to their effector molecules in membrane microdomains from which potential inhibitors, such as membrane phosphatases would be excluded. This is represented in
Localization to CEMMs has also been described for the other two members of the Rho family of GTPases, Rho and Cdc42 [49, [54] [55] [56] . Rho and its effector mDia regulate microtubule stabilization [56] , and this process occurs only at the leading edges of migrating cells, which are enriched in Rho and CEMMs [57] . The local coupling between Rho and its effector is regulated by integrin-mediated cellular adhesion to the ECM, and appears to require active signalling by focal adhesion kinase [55] . Cdc42 targeting to the plasma membrane is also integrindependent [47] . Therefore, evidence for association with CEMMs in an integrin-dependent manner has been described for all three major members of Rho family GTPases.
Integrin triggered CEMM internalization is mediated by caveolae
The internalization of CEMMs that occurs when integrin signalling is lost by cell detachment is mediated by endocytosis of caveolae [58] [58] . In addition, inhibition of Cdc42-dependent internalization with either the Cdc42-binding domain (CBD) of WASP or N17-Cdc42 had no effect in this process [58] .
Detachment causes internalization of both CEMMs and caveolae, suggesting that CEMM internalization might occur through a caveolin-dependent endocytic pathway. Detachment-induced CEMMs internalization is completely abolished by the expression of a dominant negative dynamin-II mutant, but not by the expression of the C-terminal domain of Eps15, a selective inhibitor of the classic clathrin pathway
Finally, this endocytosis of CEMMs only takes place in cells expressing the phosphorylable form of Cav-1 and not in those expressing the unphosphorylable Cav-1 mutant Y14F [58]. In conclusion, this process is independent of clathrin and Cdc42, but requires dynamin-II and phosphorylation of Cav-1 on Tyr 14 (pYCav-1). Supporting these observations, two-photon microscopy studies with the fluorescent probe
Laurdan, which has been used extensively to define ordered domains in artificial membranes [59] and in live and fixed cells [60] , revealed that loss of integrin signalling (detachment of the cell from the ECM) triggers a biphasal decrease in the plasma membrane order: an initial rapid, caveolin-independent phase followed by a slower, caveolin-dependent decrease [61] . This correlates with the internalization of CEMMs upon loss of cell adhesion [52, 58] 
. Another link between caveolar endocytosis and integrinmediated cell adhesion has been recently provided by a high-throughput RNAi screening of the kinome.
In this study, specific silencing of several kinases related to integrin signalling and adhesion influenced the caveolae-mediated SV40 virus uptake [62] . Moreover, cell detachment and caveolar endocytosis are also induced by antibody cross-linking of ␤1-integrins [63] . Fig. 1B . In this scenario, depletion of lipid rafts from the plasma membrane could prevent the activation of multiple integrin signalling pathways that are related to CEMMs [46] and that are known to control cell proliferation [64] [67] . A role for caveolin is this process has also been reported and is discussed in the next section. [68] . Cav-1 protein is also found at FA, where most of the phosphorylated Cav-1 pool resides [18, 69] . pYCav-1 appears to be essential for maintaining a highly ordered state in the membranes around these adhesion complexes, and this is likely to be due to the recruitment of membrane components that induce order, such as cholesterol [61] . Besides [70] [71] [72] . Cav-1 signalling at FA also seems to be important for radiation resistance in pancreatic cells [73] . [74] . pYCav-1 has also been reported to regulate Src activity by recruiting C-terminal Src kinase (Csk) to FA [19, 75] . Csk inhibits Src activity by phosphorylating a conserved Tyr residue, and, consistent with this, overexpression of Cav-1 in 293 cells results in Src inhibition [72] . Conversely, Cav-1 deficiency in 293 cells and mouse embryonic fibroblasts (MEF) increases Src activity [72, 76] .
All these studies support the idea that integrins regulate cellular processes by controlling the localization of CEMMs at the plasma membrane. Caveolae-mediated internalization of CEMMs is an effective means of terminating signalling upon loss of adhesion, as represented in
Dual role of caveolin Y14 phosphorylation: endocytosis versus cell migration
Integrins connect the ECM to the actin cytoskeleton at special structures called focal adhesions (FA) through a protein complex that includes vinculin, paxillin, talin and ␣-actinin [67]. In addition, activation of integrins results in the recruitment of a number of signalling molecules to FA, including focal adhesion kinase (FAK). FAK plays a central role in signalling from FA, participating in integrin-mediated regulation of migration, proliferation and spreading
The modulation of Src activity at FA has many implications for the integrin-dependent control of cell adhesion, spreading, and cytoskeletal organization. Src regulates members of the Rho family of GTPases, activating Rac [77, 78] and Cdc42 [79] [80] [81] , and inhibiting Rho via the activation of p190RhoGAP [82] [83] [84] [88] . This is supported by the observation that caveolae-dependent endocytosis is dependent on kinase activity [38, 89, 90] 
